Tight gas reservoirs commonly occur in clastic formations having a complex pore structure and a high water saturation, which results in a threshold pressure gradient (TPG) for gas seepage. The micropore characteristics of a tight sandstone gas reservoir (Tuha oilfield, Xinjiang, China) were studied, based on X-ray diffraction, scanning electron microscopy and high pressure mercury testing. The TPG of gas in cores of the tight gas reservoir was investigated under various water saturation conditions, paying special attention to core permeability and water saturation impact on the TPG. A mathematical TPG model applied a multiple linear regression method to evaluate the influence of core permeability and water saturation. The results show that the tight sandstone gas reservoir has a high content of clay minerals, and especially a large proportion of illite-smectite mixed layers. The pore diameter is distributed below 1 micron, comprising mesopores and micropores. With a decrease of reservoir permeability, the number of micropores increases sharply. Saturated water tight cores show an obvious non-linear seepage characteristic, and the TPG of gas increases with a decrease of core permeability or an increase of water saturation. The TPG model has a high prediction accuracy and shows that permeability has a greater impact on TPG at high water saturation, while water saturation has a greater impact on TPG at low permeability.
Introduction
Tight gas reservoirs have been the highest potential exploration and development field of natural gas in China [1, 2] . The resources of tight gas reservoirs are abundant in China, and mainly distributed in Sichuan, Ordos, Songliao, Qaidam, Bohai Bay, Tarim and Junggar basins [3, 4] . In recent years, the productions of tight gas reservoirs in China have been increasing year by year, and nearly 80% of the newly proved reserves of PetroChina are in tight gas reservoirs [5] . Therefore, the efficient development of tight gas reservoirs has been of great significance to the development of China's natural gas industry. Tight gas reservoirs have a complex structural characteristic of low permeability and porosity. Compared with the conventional reservoirs which are mainly developed with millimeter-micron pore throats, the pore throats in tight gas reservoirs are mainly developed with the order of micron to 
Characterizations of Tight Cores
The mineral compositions of the tight cores were detected using a D8 Discover X-ray diffractometer. The micromorphologies of the tight cores were recorded on a Tescan Vega II scanning electron microscope. The pore distribution curves of the tight cores were performed on an AutoPore 9510-IV mercury porosimeter with pressure ranging from 0 to 100 MPa. Tight cores with the lengths of 2.0 cm and the diameters of 2.5 cm were used for the pore distribution measurement.
Seepage Experiments of Gas in Tight Cores
The experimental set-up used for the core-flooding experiments to determine seepage law curves of gas is shown in Figure 1 . Before commencing seepage experiments, cores were properly cleaned and dried at 150 • C for 72 h. Their porosities were measured using the weight method, and permeability measurements were conducted using Darcy's law. In each seepage experiment, the core was first dried and weighed, then vacuumized, saturated with formation water and weighed once more to calculate water saturation; finally, the core was mounted in a hydrostatic core holder at a confining pressure of 5.0 MPa. After that, nitrogen was used to inject into the core that was continuously weighed until it reached the expected water saturation (S 1 ) with an error of less than 3%. Subsequently, nitrogen was injected into the core at constant pore pressure (P 1 ); the steady value was determined and recorded after the flow rate of nitrogen was stable at the outlet of core holder. The water saturation (S 2 ) in core was measured again after the steady value of flow rate was determined. Based on the water saturation (S 1 ), if the change of water saturation (S 2 ) in core was less than 3%, the gas seepage in core could be considered as single-phase flow and the steady value of flow rate might be measured at the next constant pore pressure (P 2 ). However, if the change of water saturation (S 2 ) was greater than 3%, the gas seepage could be considered as two-phase flow. This necessitated the core to be resaturated with formation water to the expected value, and the seepage experiment was carried out again to determine the steady value of flow rate at the original pore pressure (P 1 ). According to the above steps and requirements, a series of steady values of flow rate could be measured at various pore pressures, and then an integrated seepage law curve could be plotted to represent the relationship between flow rate and pore pressure. Finally, the seepage law curves of gas in cores with different permeabilities could be measured at about 35% water saturation, and those of gas in core with about 0.14 mD could be determined at various water saturations as well. The general workflow to the experimental procedure is shown in Figure 2 . 
TPG Calculation Method
In order to obtain the TPGs of gas in tight gas reservoirs, the seepage law curves were plotted at various water saturations and core permeabilities, and the TPGs were calculated using the data processing method proposed by Feng [19] . The relationship between the measured flow rate and the pore pressure square difference gradient is expressed as follows: (1)
Inside,
where q is the flow rate, m 3 ·s −1 ; A is the cross-sectional area of core, m 2 ; Ka is the apparent permeability of core, μm 2 ; K is the permeability of core, μm 2 ; μ is the viscosity of gas, mPa·s; Z is the deviation coefficient of gas, the gas is considered as an ideal gas, and the value of Z is 1 in this experiment; λ is the TPG of gas, MPa·m −1 ; L is the length of core, m; p1 and p2 are the pressures at the inlet and outlet 
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where q is the flow rate, m 3 ·s −1 ; A is the cross-sectional area of core, m 2 ; K a is the apparent permeability of core, µm 2 ; K is the permeability of core, µm 2 ; µ is the viscosity of gas, mPa·s; Z is the deviation coefficient of gas, the gas is considered as an ideal gas, and the value of Z is 1 in this experiment; λ is the TPG of gas, MPa·m −1 ; L is the length of core, m; p 1 and p 2 are the pressures at the inlet and outlet of the core, respectively, MPa. Therefore, according to the experimental data, the apparent permeabilities (K a ) under different experimental conditions could be calculated using Equation (1) . Then, the relationship Energies 2019, 12, 4578 5 of 13 curves between K a and 1/(p 1 − p 2 ) could be plotted according to Equation (2), the linear fitting could be carried out for these curves, and the TPGs were obtained according to the slopes of the fitted lines.
Pore Structure of Tight Gas Reservoirs

Mineral Compositions
The mineral compositions of tight cores were determined by XRD and are shown in Figure 3 . According to Figure 3 , the rock minerals of tight cores are mainly composed of quartz, feldspar and clay minerals, with a small amount of calcite, dolomite and other minerals (siderite). The mineral compositions of tight cores are mainly distributed in the middle and upper part of the triangulation diagram of whole rock mineral composition, indicating that the main mineral composition is quartz, with a content of 40-75% (an average of 63.14%). In addition, the rock minerals also include 1-34% feldspar (with an average of 18.64%), and 5-30% clay minerals (an average of 14.36%). The clay minerals are mainly composed of kaolinite, chlorite, illite and illite/montmorillonite mixed layer (I/MM mixed layers). The clay mineral compositions are mainly distributed in the lower right part of the triangulation diagram of clay mineral composition, indicating that the main clay mineral is kaolinite, with a content of 6-88% (an average of 52.77%). Besides, the clay minerals also include 3-65% I/MM mixed layer (with an average of 20.95%), 0-32% chlorite (with an average of 10.72%), and 6-28% illite (with an average of 17.50%). In these tight cores, there is a high content of water-sensitive mineral (I/MM mixed layer), which can absorb water to swell, leading to a decline of permeability in tight gas reservoirs. Therefore, it will be more difficult to start gas migration in tight gas reservoirs under water-bearing condition.
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Microscopic Morphologies
The microscopic morphologies of tight cores were determined by SEM and are shown in Figure 4 . According to Figure 4 , the overall pores of tight cores formed by quartzes are not developed, and only a few intergranular pores (seen in Figure 4a ) are found, with pore sizes ranging from tens to hundreds of microns. The pores and slit pores formed by dissolution of feldspars are relatively well developed (seen in Figure 4b ,c), with pore sizes ranging from several microns to dozens of microns. The pores formed by filling of clay minerals such as kaolinite, illite, chlorite and I/MM mixed layers are also well developed, with pore sizes of about ten microns. For example, a lot of intergranular pores formed by page-like kaolinites (seen in Figure 4d ), curved filamentous illites and I/MM mixed layers (seen in Figure 4e ), page-like kaolinites and leaf-like chlorites (seen in Figure 4f ), and leaf-like chlorites (seen in Figure 4g ) are found in tight cores. In addition, a small amount of intergranular pores consisting of dolomites and siderites are found locally (seen in Figure 4h ,i). Therefore, it can be seen that the pore development of these tight cores is mainly related to the clastic minerals such as quartz and feldspar, and clay minerals such as kaolinite, illite, chlorite and I/MM mixed layers, which leads to a complex pore structure characteristic. 
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Pore Distributions
The tight cores have poor physical properties, large specific surfaces, high irreducible water saturations and obvious capillary forces [20, 21] . The shape, size, distribution and connectivity of pores and throats directly affect the permeability of reservoir [22] . Thus, the pore distributions of tight cores were determined by high pressure mercury porosimetry, as shown in Figure 5 . According to Figure 5a , the pore size distribution curves of tight cores have multiple peaks and have certain differences for cores with various permeabilities. Especially for cores with permeability of 0.023 mD, their pore size distribution curves show continuous jumps with multiple peaks. The pore diameter of tight cores is mainly distributed below 1 micron, and the pores with diameter greater than 1 micron are very small. The pores with diameter ranging from 0.01 to 1 micron are largely developed, and the related distribution curves show multipeak states. The pores with diameter ranging from 1 to 10 microns are almost nonexistent, while a small number of pores range in diameter from 10 to 200 microns. According to pore classification criteria proposed by Хoдo [23] that macropore is greater than 1000 nm in diameter, mesopore is between 100-1000 nm in diameter, small pore is between 0-100 nm in diameter, and micropore is less than 10 nm in diameter, the pores of tight cores were classified and analyzed, as shown in Figure 5b . Figure 5b shows that there are many mesopores and small pores with less macropores and micropores in tight cores. As the core permeability decreases, the proportion of micropores in tight cores gradually increases, resulting in more difficult and complex gas flow in tight gas reservoirs. 
The tight cores have poor physical properties, large specific surfaces, high irreducible water saturations and obvious capillary forces [20, 21] . The shape, size, distribution and connectivity of pores and throats directly affect the permeability of reservoir [22] . Thus, the pore distributions of tight cores were determined by high pressure mercury porosimetry, as shown in Figure 5 . According to Figure 5a , the pore size distribution curves of tight cores have multiple peaks and have certain differences for cores with various permeabilities. Especially for cores with permeability of 0.023 mD, their pore size distribution curves show continuous jumps with multiple peaks. The pore diameter of tight cores is mainly distributed below 1 micron, and the pores with diameter greater than 1 micron are very small. The pores with diameter ranging from 0.01 to 1 micron are largely developed, and the related distribution curves show multipeak states. The pores with diameter ranging from 1 to 10 microns are almost nonexistent, while a small number of pores range in diameter from 10 to 200 microns. According to pore classification criteria proposed by Ходо [23] that macropore is greater than 1000 nm in diameter, mesopore is between 100-1000 nm in diameter, small pore is between 0-100 nm in diameter, and micropore is less than 10 nm in diameter, the pores of tight cores were classified and analyzed, as shown in Figure 5b . Figure 5b shows that there are many mesopores and small pores with less macropores and micropores in tight cores. As the core permeability decreases, the proportion of micropores in tight cores gradually increases, resulting in more difficult and complex gas flow in tight gas reservoirs. 
Characteristics of the TPG in Tight Gas Reservoirs
Nonlinear Seepage Characteristics of Gas in Tight Gas Reservoirs
The seepage curves of gas in tight cores with different permeabilities (at about 35% water saturation) and at various water saturations (in core with about 0.14 mD) are shown in Figure 6 . It can be seen from Figure 6 that the seepage curves of gas in tight cores under water-bearing conditions do not show a linear relationship, instead showing a nonlinear seepage characteristic, indicating that gas seepage has an obvious TPG characteristic. Under water-bearing conditions, gas can make contact with water in the channel walls and pores of tight cores, and the capillary force will make the gas flow very complicated in tight reservoirs [24, 25] . On the one hand, the pores of tight cores are mainly composed of quartz, feldspar and other clastic minerals as well as clay minerals. The pores are mainly mesopores and small pores, and the number of macropores is very small. Thus, the flow channels of fluid in tight cores have a narrow and poor connectivity characteristic. It is easy for the water in core pores to form a continuous and thin layer of hydration film at the narrow pore throats, coupled with the swelling of water-sensitive clay minerals, which leads to a great increase of the seepage resistance 
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Based on the experimental data in Figure 6 , the apparent permeabilities (K a ) of gas under different permeabilities or water saturations were calculated according to the Equation (1), and then the relationship curves of K a and 1/(p 1 − p 2 ) were plotted, as seen in Figure 7 . According to Figure 6 , the relationship curves of K a and 1/(p 1 − p 2 ) could be linearly fitted with a high correlation coefficient. The TPGs of gas under different experimental conditions were obtained by the Equation (2) and the slopes of fitted curves, as shown in Figure 8 . According to Figure 8 , the TPG of gas increases either with a decrease of core permeability or with an increase of water saturation. In particular, when core permeability is less than 0.1 mD, the TPG of gas decreases sharply with an increase of core permeability; whereas it decreases slowly when core permeability is greater than 0.1 mD. The TPG of gas has a good power function relationship with core permeability or water saturation, with high fitted correlation coefficients (R 2 ) of 0.9912 and 0.991, respectively, indicating that core permeability and water saturation are both the main influencing factors on the TPG of gas. 
Mathematical TPG Model and Its Verification
From the analysis results of Figure 8 , the relationship between the TPG and core permeability or water saturation complies with the power function, which are expressed as follows:
where Sw is the water saturation, %; a, b, c and d are the fitted parameters, dimensionless. Under these experimental conditions, parameters a, b, c and d are 0.1223, −0.3615, 0.00796 and 0.9647, respectively. By taking natural logarithms of the Equations (3) and (4), the following equations can be obtained: 
As can be seen in Equations (5) and (6), lnλ satisfies a linear relationship with lnK or lnSw. According to the principle of multiple linear regression, lnλ should also abide by a linear relationship with the sum of lnK and lnSw. Its binary linear regression equation can be written as follows: 
where Sw is the water saturation, %; a, b, c and d are the fitted parameters, dimensionless. Under these experimental conditions, parameters a, b, c and d are 0.1223, −0.3615, 0.00796 and 0.9647, respectively. By taking natural logarithms of the Equations (3) and (4), the following equations can be obtained:
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where S w is the water saturation, %; a, b, c and d are the fitted parameters, dimensionless. Under these experimental conditions, parameters a, b, c and d are 0.1223, −0.3615, 0.00796 and 0.9647, respectively. By taking natural logarithms of the Equations (3) and (4), the following equations can be obtained:
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As can be seen in Equations (5) and (6), lnλ satisfies a linear relationship with lnK or lnS w . According to the principle of multiple linear regression, lnλ should also abide by a linear relationship with the sum of lnK and lnS w . Its binary linear regression equation can be written as follows:
where g and f are the regression coefficients, h is the regression constant. Order m = e h , the Equation (7) can be changed to the following equation:
λ= mK g S f w .
A multivariate statistical analysis of the experimental data was carried out to obtain these fitted parameters by fitting the experimental data to the Equation (8) using MATLAB software (R2019b, MathWorks, Natick, MA, USA). Figure 9 shows a fitted surface of the TPG versus permeability and water saturation. Parameters g, f and m are −0.3628, 0.9608 and 0.003966, respectively, obtained using multivariate statistical analysis with correlation coefficient
where g and f are the regression coefficients, h is the regression constant.
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A multivariate statistical analysis of the experimental data was carried out to obtain these fitted parameters by fitting the experimental data to the Equation (8) using MATLAB software (R2019b, MathWorks, Natick, MA, USA). Figure 9 shows a fitted surface of the TPG versus permeability and water saturation. Parameters g, f and m are −0.3628, 0.9608 and 0.003966, respectively, obtained using multivariate statistical analysis with correlation coefficient R 2 = 0.992. The theoretical values of the TPG under the experimental conditions can be calculated by Equation (8) and fitted experimental parameters and compared with the experimental values. The relative errors between theoretical values and experimental values can be calculated, as shown in Figure 10 . As seen in Figure 10 , the relative errors between theoretical values and experimental values of the TPG are in the range of −4.83% to 4.74%. The absolute value of maximum relative error is 4.83%, the absolute value of minimum relative error is 0.01%, and the average relative error is −0.03%. Therefore, it can be seen that the theoretical values calculated by the empirical formula are in good agreement with the experimental values, which indicates that the mathematical TPG model, paying special attention to core permeability and water saturation impact on the TPG, has a high prediction accuracy. Furthermore, the isograms of the TPG versus permeability and water saturation are plotted in Figure 11 using the TPG model. According to Figure 11 , with the change of permeability, the distribution of isograms at high water saturation is more intensive than at low water saturation, which illustrates that permeability has a greater impact on TPG at high water saturation. With the change of water saturation, the distribution of isograms at low permeability is more intensive than at high permeability, which suggests that water saturation has a greater effect on TPG at low permeability. The theoretical values of the TPG under the experimental conditions can be calculated by Equation (8) and fitted experimental parameters and compared with the experimental values. The relative errors between theoretical values and experimental values can be calculated, as shown in Figure 10 . As seen in Figure 10 , the relative errors between theoretical values and experimental values of the TPG are in the range of −4.83% to 4.74%. The absolute value of maximum relative error is 4.83%, the absolute value of minimum relative error is 0.01%, and the average relative error is −0.03%. Therefore, it can be seen that the theoretical values calculated by the empirical formula are in good agreement with the experimental values, which indicates that the mathematical TPG model, paying special attention to core permeability and water saturation impact on the TPG, has a high prediction accuracy. Furthermore, the isograms of the TPG versus permeability and water saturation are plotted in Figure 11 using the TPG model. According to Figure 11 , with the change of permeability, the distribution of isograms at high water saturation is more intensive than at low water saturation, which illustrates that permeability has a greater impact on TPG at high water saturation. With the change of water saturation, the distribution of isograms at low permeability is more intensive than at high permeability, which suggests that water saturation has a greater effect on TPG at low permeability. 
Conclusions
In this study, laboratory experiments have been conducted to investigate the micropore characteristic of a tight sandstone gas reservoir, and the influence of core permeability and water saturation on the TPG. Some conclusions can be drawn from this study, and are as follows:
(1) The pore development in the tight gas reservoir is mainly related to clastic minerals such as quartz and feldspar, and small pores formed by various clay minerals are widely developed. The diameter of pores in the tight gas reservoir mainly is distributed below 1 micron, comprising mostly mesopores (100-1000 nm in diameter) and small pores (10-100 nm in diameter). The proportion of micropores (less than 10 nm in diameter) increases with a decrease of permeability in the tight gas reservoir. The water-sensitive mineral (I/MM mixed layer) and the complex pore structure will both make gas seepage in the tight gas reservoir more difficult under waterbearing conditions. (2) The gas seepage in the tight gas reservoir under water-bearing conditions shows a non-linear seepage characteristic, resulting in a TPG. The TPG of gas in the tight gas reservoir increases either with a decrease of core permeability or with an increase of water saturation. The TPG of gas has a power function of high correlation with core permeability or water saturation. The mathematical TPG model, paying special attention to the impact of core permeability and water saturation, reveals that permeability has a greater effect on TPG at high water saturation, while water saturation has a greater effect on TPG at low permeability. 
(1) The pore development in the tight gas reservoir is mainly related to clastic minerals such as quartz and feldspar, and small pores formed by various clay minerals are widely developed. The diameter of pores in the tight gas reservoir mainly is distributed below 1 micron, comprising mostly mesopores (100-1000 nm in diameter) and small pores (10-100 nm in diameter). The proportion of micropores (less than 10 nm in diameter) increases with a decrease of permeability in the tight gas reservoir. The water-sensitive mineral (I/MM mixed layer) and the complex pore structure will both make gas seepage in the tight gas reservoir more difficult under waterbearing conditions. (2) The gas seepage in the tight gas reservoir under water-bearing conditions shows a non-linear seepage characteristic, resulting in a TPG. The TPG of gas in the tight gas reservoir increases either with a decrease of core permeability or with an increase of water saturation. The TPG of gas has a power function of high correlation with core permeability or water saturation. The mathematical TPG model, paying special attention to the impact of core permeability and water saturation, reveals that permeability has a greater effect on TPG at high water saturation, while water saturation has a greater effect on TPG at low permeability. Figure 11 . Isograms of the TPG versus permeability and water saturation.
(1) The pore development in the tight gas reservoir is mainly related to clastic minerals such as quartz and feldspar, and small pores formed by various clay minerals are widely developed. The diameter of pores in the tight gas reservoir mainly is distributed below 1 micron, comprising mostly mesopores (100-1000 nm in diameter) and small pores (10-100 nm in diameter). The proportion of micropores (less than 10 nm in diameter) increases with a decrease of permeability in the tight gas reservoir. The water-sensitive mineral (I/MM mixed layer) and the complex pore structure will both make gas seepage in the tight gas reservoir more difficult under water-bearing conditions. (2) The gas seepage in the tight gas reservoir under water-bearing conditions shows a non-linear seepage characteristic, resulting in a TPG. The TPG of gas in the tight gas reservoir increases either with a decrease of core permeability or with an increase of water saturation. The TPG of gas has a power function of high correlation with core permeability or water saturation. The mathematical TPG model, paying special attention to the impact of core permeability and water saturation, reveals that permeability has a greater effect on TPG at high water saturation, while water saturation has a greater effect on TPG at low permeability.
